Mucins are a large family of glycoproteins expressed by many epithelial cells and their malignant counterparts. Much interest has been focused on expression of its members in breast cancer because of their potential role as prognostic indicators and their involvement in cancer therapy. We have examined 1447 cases of invasive breast carcinoma with a long-term follow-up, using tissue microarray (TMA) technology and immunohistochemistry to evaluate the expression profiles of several mucins (MUC1, MUC2, MUC3, MUC4, MUC5AC and MUC6) and to assess their prognostic value. We detected MUC1 expression in 91% of tumours. MUC1 overexpression was associated with a lower grade, smaller tumour size, a higher oestrogen receptor (ER)-positive phenotype and absence of both regional recurrence and distance metastasis. The subcellular localization but not the level of expression had a prognostic value in predicting outcome. The aberrant cytoplasmic and membranous localization of MUC1 was associated with poor outcome compared with apical localization, which is the normal physiological site of expression. MUC2 expression was noticed in only 8.3% of all cases and was restricted to the cytoplasm of the tumour cells. An inverse trend was identified between MUC2 expression and lymph node stage and vascular invasion status. On excluding cases of mucinous carcinoma from the analysis, the inverse association with vascular invasion was still defined and in addition an inverse association with ER status emerged. MUC3 expression was detected in 91% of cases and its expression was associated with increased local recurrence, and lymph node stage. The membranous expression of MUC3 was found to be a potentially poor prognostic feature, with higher grade and poorer Nottingham Prognostic Index (NPI), and negative ER expression. MUC4, MUC5AC and MUC6 were expressed in 95, 37 and 20% of cases, respectively. Apart from an association between MUC4 expression and tumour grade and between MUC6 and ER-negative tumours, no other associations with any clinicopathological variables were found. Apart from the higher expression of MUC2 and MUC6 in mucinous carcinomas, no association was found between the expression of different mucins and tumour type. No association between the level of expression of any of the studied mucins and patient outcomes has been identified. In conclusion, most breast carcinomas express MUC1, MUC3 and MUC4. Among the various mucins expressed in breast cancer, MUC1 and MUC3 are potential prognostic indicators, MUC1 having the strongest relationship with patient outcome.
Much effort is being carried out to identify markers that have biological and therapeutic significance in breast cancer. Mucins are a large family of glycoproteins expressed by various epithelial cell types and malignant counterparts. They are classified into two main classes: membrane bound including MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13 and MUC17, and secreted or gel forming including MUC2, MUC5AC, MUC5B and MUC6. 1 All share common structural features but are distinct in their tandem repeat peptides. 2 Abnormal expression of mucins has been reported to accompany cancer development, influence cellular growth, differentiation, transformation, adhesion, invasion and immune surveillance. 3 Numerous studies showed the overexpression of MUC1 in breast cancer, along with other cancers such as those of the colon and pancreas; 4 however, studies of the expression of other mucins in breast cancer are more limited.
MUC1 is involved with cell signalling, immunoregulation and inhibition of cell-cell and cellmatrix adhesion. 5 MUC1 cytoplasmic domain has been observed to compete for and interact with bcatenin through a similar motif found in E-cadherin, thus inhibiting the formation of E-cadherinb-catenin complex. 6 This finding has further been confirmed by a subsequent in vitro study on breast cancer cell line. 7, 8 Therefore, MUC1 may participate in tumour cell detachment, invasion and metastases and therefore, associated with aggressive tumour behaviour and poor prognosis. The cytoplasmic domain has an additional role where phosphorylated MUC1 binds to Grb2/SOS, signalling mediators of tyrosine kinase receptors. 9 In addition, colocalization and interactions between MUC 1 and members of EGFR family members have also been reported. 10 MUC1 mucin is normally present on the apical surface of secretory epithelia; however, in the malignant tissues, its expression is usually variable in amount and cellular localization. 11 The high level of the aberrant MUC1 expression in breast cancer and other cancers results in antigenically recognizable epitopes on the MUC1 molecule leading to stimulation of the immune response and making MUC1 a potential immunotherapeutic target.
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MUC2, MUC5AC and MUC6 are key proteins for producing the mucus that protects and lubricates epithelial surfaces. MUC2 is the major secretory glycoprotein expressed abundantly by intestinal and airway epithelium. 13 Its expression is a common feature of all mucinous carcinomas derived from different organs including breast, colon and prostate where it may act as a potential prognostic indicator. [14] [15] [16] MUC2 is expressed in mucinous breast cancer and may play a role in prevention of tumour invasion. 17 Its expression is associated with aggressive tumour behaviour in other types of invasive 18 and intraductal carcinomas of the breast.
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MUC5AC is found mainly in the mucosal layer of the cardia, fundus and antrum of the stomach whereas MUC6 is located in the pyloric glands, 20, 21 both have similar properties in protecting epithelia and both are generally not detected in normal breast tissues. 22 Matsukita et al 23 have shown a correlation between MUC6 expression and mucinous carcinoma of the breast. Previous studies have shown no association between MUC5AC or MUC6 and tumour size, histological grade, node status or oestrogen receptor (ER) status.
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MUC3 is found in the intestine and consists of two distinct genes MUC3A and MUC3B. It has been shown that MUC3 is upregulated as a result of steroids in vitro, 24 leading to the potential association of aberrant hormonal mechanisms and a loss of controlled expression of mucin genes in breast cancer. In gastric carcinoma, MUC3 expression has been associated with poor prognosis.
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MUC4 normally provides a protective layer of mucus to the epithelial cell of the breast. The antiadhesive antirecognition barrier provided by MUC4 expression may potentially be used as a mechanism of preventing apoptosis and indirectly increasing tumour proliferation. 26 It has also been shown to be a modulator of the c-erbB-2 receptor tyrosine kinase via two epithelial growth factor-like domains contained within the transmembrane portion of the complex (ASGP-2). 26, 27 Overexpression of MUC4 has been shown to block cell-cell and cellmatrix interactions, protect tumour cells from immune surveillance and promote metastasis. In addition, as a ligand for ErbB2, MUC4 can potentiate phosphorylation of ErbB2 and potentially alter signals generated from this receptor. 28 The deregulation of MUC4 may be a factor for tumour progression and its altered expression has been found in a number of carcinomas. 29, 30 In this study, we have assessed the expression profiles of different mucins and evaluate their prognostic significance in a large and well-characterized series of breast cancer, prepared as tissue microarrays (TMA), using immunohistochemistry.
Materials and methods

Patients and Tumours
A consecutive series of 1447 cases of invasive breast carcinoma available from the Nottingham Tenovus Primary Breast Carcinoma Series were used. This is a well-characterized series of primary operable invasive breast cancer that has been previously used to study a wide range of proteins. [31] [32] [33] The patients had a median age of 54 years (range 18-70 years). The mean follow-up time was 82 months (range 7-138 months). Patients' clinical history and cancer characteristics including tumour type, 34 histological grade, 35 tumour size, lymph node (LN) status, Nottingham Prognostic Index (NPI), 36, 37 ER expression and survival data including survival time (OS), disease-free interval (DFI), recurrence and development of distant metastasis were available for all patients.
TMA and Immunohistochemistry
TMA were prepared as previously described. 38 In brief, tissue 0.6 mm diameter cores were punched from representative tumour regions of each donor block and arrayed into a new recipient paraffin blocks using a tissue microarrayer (Beecher Instruments, Sun Prairie, WI, USA). These TMA blocks were constructed in triplicate, each containing one sample from a different region of the tumour. TMA sections, 4 mm, were stained immunohistochemically using the standard streptavidin-biotin complex method as previously described. 16, 31, 39 Briefly, tissue slides were deparaffinized with xylene and then rehydrated through three changes of alcohol. Endogenous peroxidase activity was blocked by incubation in a 0.3% hydrogen peroxide/methanol buffer. Antigen retrieval was carried out by microwave treatment of the slides in sodium citrate buffer (pH 6.0) for 20 min. The slides were rinsed in trisbuffered saline (TBS) (pH 7.6) and incubated with normal swine serum (NSS) in TBS (1:5) to block nonspecific staining. The slides were incubated for 1 h with the corresponding anti-mucin antibody (Table 1 ). After washing with TBS, sections were incubated with the secondary antibody (biotinylated goat anti-mouse/rabbit immunoglobulin; Duet K 0492, DakoCytomation, Denmark) (1:100) for 30 min followed by the avidin-biotin complex (1:100) for a further 45 min. 3-3 0 Diaminobenzidine tetrahydrochloride (Dako liquid DAB plus, K3468, Denmark) was used as a chromogen with the addition of copper sulphate to enhance staining. All sections were counterstained with Mayer's haematoxylin. Positive and negative control slides (according to the manufacturer's data sheet of each antibody) were included in every experiment in addition to the internal positive controls (normal breast tissue).
Evaluation of Immunohistochemical Staining
For assessment of staining, the modified histochemical score (H-score) 40 was used, which includes an assessment of both the intensity of staining and the percentage of stained cells. For the intensity, a score index of 0, 1, 2 and 3 corresponding to negative, weak, moderate and strong staining intensity was used and the percentage of positive cells at each intensity was estimated subjectively. In cases of MUC2, which was expressed in a small proportion of cases, positivity was defined by detection of positive expression in 45% of the malignant cells. 22 With other mucin antibodies, positivity was defined by detection of positive expression in 45% of the malignant cells and positive expression was stratified into two groups below and above the median of expression corresponding to low and high expression. 23 In case of MUC1, additional assessment of the subcellular localization was conducted. The pattern of expression was as follows: luminal/ apical, combined luminal and cytoplasmic and cytoplasmic with circumferential membranous expression. Two cores were evaluated from each tumour. Each core was scored individually then the mean of the two readings was calculated. The cases were scored by one observer without previous knowledge of the outcomes on two separate occasions.
Statistical Analysis
Associations between clinico-pathological variables and expression of different mucin antigens were analysed using the w 2 -test. Correlation between protein expression levels and overall survival (OS) and -DFI was analysed using Kaplan-Meier curves with the differences estimated using the Mantel-Cox log-rank test. A P-value o0.05 was considered significant.
Results
MUC1 Expression and Relation to Clinico-Pathological Features
The expression of MUC1 was assessed using two monoclonal antibodies (NCL-MUC1-core and NCL-MUC1). NCL-MUC1-core recognizes MUC1 mucin core peptide (TRPAPG) (nonglycosylated MUC1). NCL-MUC1 recognizes a carbohydrate epitope of the MUC1-glycoprotein (data sheet from Novocastra Laboratories Ltd). For the two antibodies used, a highly significant correlation was detected (correlation coefficient ¼ 0.733, Po0.001) between the expressions of both markers. Therefore, we considered the expression of one marker only (NCL-MUC1 (clone Ma695)). Positive MUC1 expression was found in the majority of the tumours (91%) of which 42% showed positive expression level above the median (H-score ¼ 200) (high expression).
MUC1 expression was inversely associated with tumour histological grade and tumour size where MUC1-negative phenotype was more frequently noticed in higher grade and in tumours 41.5 cm compared with the smaller ones. There was an association between MUC1 expression and regional recurrence and distant metastasis where negative expression of MUC1 was noticed in more tumours with positive regional recurrence (w 2 ¼ 10.4, df ¼ 2, P ¼ 0.006) and or those with positive distant metastasis (w 2 ¼ 6.47, df ¼ 2, P ¼ 0.03) and an association of borderline significance with the presence of LN metastasis (w 2 ¼ 5.1, df ¼ 2, P ¼ 0.08). An association was detected between MUC1 expression and ER status where high MUC1 overexpressing tumours Table 2) .
Subcellular Localization in Relation to Clinico-Pathological Features
There was marked heterogeneity regarding MUC1 subcellular localization (Figures 3a-c) . The majority of tumours showed cytoplasmic expression with circumferential membranous accentuation while exclusive luminal/apical expression was seen only in 4.5% of tumours (Table 3) . There was an association between subcellular localization and tumour grade. Cytoplasmic and membranous expression was more frequently associated with grade 3 tumours while luminal and combined luminal and cytoplasmic expression were more frequently associated with lower tumour grade (w 2 (Figures 1 and 2 ). 
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MUC2 Expression
Only 8.3% of the cases showed MUC2 expression, which was restricted to the cytoplasm of the tumour cells. There was high expression rates of MUC2 in mucinous carcinomas 13/16 (81.3%) in contrast with the significantly lower expression rates seen with other tumour types (Figures 3d  and e) . MUC2 expression showed an inverse association with both LN stage (P ¼ 0.034) and vascular invasion (P ¼ 0.024) ( Table 4 ). In nonmucinous tumour types (n ¼ 104), MUC2 expression was inversely associated with vascular invasion (w 2 ¼ 4.13, Po0.042) where MUC2-expressing tumours were less frequently showing vascular invasion. A significant inverse association was also noticed between positive MUC2 expression and ER status (w 2 ¼ 4.93, Po0.026). There were no further associations between MUC2 expression and any other clinicopathological features. Kaplan-Meier survival analyses revealed no prognostic significance of MUC2 expression in breast cancer.
MUC3 Expression
MUC3 expression was detected in the cytoplasm of the malignant cells in 91% of cases; of these, 21% also showed membranous staining (Figure 3f) 
MUC4 and MUC5AC Expression
MUC4 and MUC5AC were expressed in 95 and 37% of the studied cases, respectively (Figures 3g and h) . Apart from an association between MUC4 expression and tumour grade (w 2 ¼ 10.7, P ¼ 0.02) and that of borderline significance between MUC5AC expression and menopausal status (w 2 ¼ 5.5, P ¼ 0.06), there were no further associations with other clinicopathological variables.
MUC6 Expression
Positive expression of MUC6 was detected in 20% of cases (Figure 3i ). There was high expression rates of MUC6 in mucinous carcinomas in contrast with other tumour types. Apart from an association between its expression and tumours negative for ER receptors (w 2 ¼ 9.1, P ¼ 0.01), no association was found with the other studied parameters. MUC6 expression appeared to be good survival factor (Kaplan-Meier survival analysis, P ¼ 0.053). However, Cox multivariate analysis showed that MUC6 was not independently responsible for an increase in survival rate.
Discussion
This study has investigated the expression profiles and prognostic value of different mucins in breast cancer cases using TMA technology. In our series, MUC1 was expressed in the majority of breast cancer cases using two different antibodies; one directed against the carbohydrate side chain (MUC1) and the other directed against the apomucin protein backbone (MUC1-core). This is in concordance with previous studies using different antibodies directed against tandem repeat peptides, 11 carbohydrate side chain 41 of the extracellular domain or against the cytoplasmic domain. 42 We found associations between MUC1 expression and tumour grade and ER status where such relationships have previously been reported indicating high correlation between MUC1 expression and functional differentiation of the tumour cells. 11, 30, [43] [44] [45] The presence of apical cellular localization is an indicator of intact MUC1 pathway that is associated with functional differentiation and good prognosis while the presence of other aberrant patterns of expression that are commonly seen in breast cancer is an indicator of defective MUC1 pathway that is associated with lack of functional differentiation and worse prognosis. 11 In this study, the expression of MUC1 alone was not predictive of the patients outcome, however, there was an association between its subcellular localization and OS where cytoplasmic and/or membranous expression was associated with poorer survival compared with apical and combined apical and cytoplasmic localization. The subcellular localization of MUC1, but not the expression level, has been previously reported to have a prognostic value in predicting outcome in breast cancer using TMA technology. 46 The associations between cytoplasmic expression and poor outcome and between apical expression and favourable outcome have also, been reported. 47, 48 Other studies, however, found no association between either level of expression or the site of expression and outcome. [49] [50] [51] In our series, MUC2 was expressed with a very high frequency in mucinous carcinomas compared with other tumour types as previously reported. 23, 30, 52 A previous study has described MUC2 expression in the adjacent in situ lesions as well as adjacent and remote normal breast tissue and suggested that altered MUC2 expression pattern existing in normal breast tissue is a directional vector in histogenesis of such histological tumour type. 52 However, in this study, we could not confirm An inverse association has been identified between those tumours, excluding mucinous carcinomas, expressing MUC2 and nodal spread and vascular invasion. The high level of the gel-forming MUC2 mucin in breast cancer may act as a barrier that interferes with extension of the malignant cells, an advantage that may explain the less aggressive behaviour of mucinous carcinoma of the breast. 23 We also found a significantly more frequent ERnegative phenotype among MUC2-positive nonmucinous tumours compared with the negative tumours. This can be explained by the relatively higher incidence of grade 3 tumours compared with grade 1 and 2 (55.8% vs 14.4 and 29.85%, respectively), which agrees with a previous study stating that MUC2 overexpression by invasive ductal carcinomas is associated with aggressive tumour behaviour. 18, 53 MUC3 expression appears to have associations with local recurrence and LN stage. However, these results are conflicting as to whether MUC3 expression is, on the whole, a good prognostic indicator or Therefore, similar to MUC1, the subcellular localization of MUC3 or its altered exppression may also contribute to the process of cancer invasion and metastases. It is possible that MUC3, like MUC1, has roles in cell-cell adhesion, signalling processes or protection from immune reactions and is more capable of increasing the malignancy of a tumour via these mechanisms, something which is harder to achieve within the cell cytoplasm. Some previous studies have reported that MUC4 may have a prognostic value in cancer including breast cancer. 28, 29 However, we did not find any associations between MUC4 and any of the clinicopathological parameters or patients outcome in our series. The functions that have previously been suggested as possible tumour precipitating factors 39, 40 have not been studied individually in this study, and more work still needs to be carried out to determine the role of this mucin in breast cancer.
In this series, we could not find any association between MUC5AC expression and any of the clinico-pathological variables. Our results correlate with that of Pereira et al, 54 who showed that MUC5AC is expressed in a small proportion of tumours and they did not find any associations with prognostic factors in breast cancer.
MUC6 has been associated with many gastrointestinal diseases and is vital in the production of a protective glycoprotein coat to the epithelia of the gut. 55, 56 As well as being linked to gastric carcinomas, MUC6 has been shown to be overexpressed in breast tumours and our results are in concord with Pereira et al, 22 who found positive staining in only 15 out of 65 (23.1%) cases. Analysis of MUC6 expression vs survival showed a potential trend (P ¼ 0.053) for MUC6 and patients being alive at the end of the study, as opposed to the weak or negative group. The multivariate analysis of MUC6 compared with grade, stage and size showed MUC6 not to be independent in predicting survival, but it does seem to affect the size of tumour found (the P-value of this variable is increased to 0.705), which would normally be a significant factor in determining outcome. The association of MUC6 with survival warrants further study, to determine whether MUC6 could be used as a predictor of breast cancer outcome.
In conclusion, while some mucins (MUC1, MUC3 and MUC4) are expressed in the majority of breast cancer, other mucins (MUC2, MUC5AC and MUC6) are not. Apart from expression of MUC2 and MUC6 in mucinous carcinomas, no association was found between expression of different mucins and tumour type. Among the various mucins expressed in breast cancer, only MUC1 and MUC3 appeared to have the strongest prognostic value in predicting outcome. The presence of MUC1 in the majority of tumour cells is associated with better differentiated tumours and with an improved prognosis. The aberrant expression but not the level of expression of MUC1 may have a prognostic value in predicting patients outcome where the aberrantly localized MUC1 in the tumour cell cytoplasm or nonapical membrane is associated with a shorter survival time. There is little doubt that mucins do have significant roles to play in the development and progression of breast cancer, a fact highlighted by the findings of this study.
